We theoretically investigate the mechanism to generate large intrinsic spin Hall effect in iridates or more broadly in 5d transition metal oxides with strong spin-orbit coupling. We demonstrate such a possibility by taking the example of orthorhombic perovskite iridate with nonsymmorphic lattice symmetry, SrIrO 3 , which is a three-dimensional semimetal with nodal line spectrum. It is shown that large intrinsic spin Hall effect arises in this system via the spin-Berry curvature originating from the nearly degenerate electronic spectra surrounding the nodal line. This effect exists even when the nodal line is gently gapped out, due to the persistent nearly degenerate electronic structure. The magnitude of the spin Hall conductivity is shown to be comparable to the best known example such as doped topological insulators and the biggest in any transition metal oxides. To gain further insight, we compute the intrinsic spin Hall conductivity in both bulk and thin film systems. We find that the geometric confinement in thin films leads to significant modifications of the electronic states, leading to even bigger spin Hall conductivity in certain cases. We compare our findings with the recent experimental report on the discovery of large spin Hall effect in SrIrO 3 thin films.
. The SHE can be broadly classified under two regimes: intrinsic (which is dependent solely on band topology and SOC) and extrinsic (where impurity scattering is key) 1, 7 . A common figure of merit used to examine the efficiency of the spin/charge current conversion is the spin Hall angle: θ SH = σ SH /σ, where σ SH and σ are the respective spin-Hall and charge conductivities 8 . Large SHE has primarily been predicted and/or observed in heavy elemental metals (that possess large SOC) such as Pt [9] [10] [11] [12] [13] [14] [15] , Au 9, 10, 16 (although the origin of the observed large SHE in Au 17 is still under debate [18] [19] [20] , and Pd 9,10,21 . More recently, there have also been suggestions of large SHE in topological insulators from spin-torque measurements in topological insulator Bi 2 Se 3 22 and Cr-doped Bi 2 Se 3 thin films 23 . However, despite these two classes of materials demonstrating such large SHEs, they do have their respective drawbacks: the large charge conductivity of the heavy metals hinders their efficiency as spin current detectors (since the spin Hall resistivity, a figure of merit for spin detection, is proportional 24 to σ SH /σ 2 ), and the coupling of magnetic layers to topological insulator thin films once again forms a bottleneck for the spin current generation efficiency 22 . In an attempt to achieve a large spin Hall angle with better efficiency, a new class of 5d transition metal oxides has recently been investigated 24 . These materials not only have large SOC (due to the 5d nature of the conduction bands) but are also useful due to their tunability of their physical properties via their magnetic ordering and/or correlation effects [25] [26] [27] . Moreover, the emergent semimetallic nature of numerous types of iridates [26] [27] [28] [29] [30] [31] provides hope that the spin Hall angle for the iridates will be superior to that of the heavy elemental metals, due to semimetals' relatively smaller charge conductivity.
In this work, we theoretically investigate the intrinsic spin Hall effect in orthorhombic perovskite SrIrO 3 , which is a 5d transition metal oxide with strong SOC. Our work is motivated by recent experimental work on SrIrO 3 thin films, where one of the largest ever recorded spin Hall conductivity was measured 32 . Interestingly, SrIrO 3 possesses a topological nodal line (a loop of band crossings) that is protected by nonsymmorphic symmetries important role in the SHE in SrIrO 3 . We study the SHE in the framework of linear response theory, focusing on both the bulk system as well as thin film configurations to enable comparison with experiment. In both cases, we compute the spin Hall conductivity by utilizing the j eff = 1/2 tight binding model constructed from ab initio studies of SrIrO 3 28,29 . For the bulk system, we also consider the impact of breaking various nonsymmorphic symmetries of the Pbnm space group on the spin Hall conductivity. In this way, we are able to study the robustness of the spin Hall conductivity to a variety of symmetry breaking perturbations. Finally, we consider (010) c thin film of SrIrO 3 , where pseudo-cubic coordinate system is used to describe the thin film direction, which enables a more direct connection to the recent experimental work.
Model Hamiltonian
We employ the tight-binding model constructed in Refs 28, 29 to describe the electronic structure of SrIrO 3 . Due to the significant tilting and rotation of oxygen octahedra, the system has the orthorhombic perovskite crystal structure with four Ir sublattices and Pbnm nonsymmorphic space group (Fig. 1) . In the basis of the j eff = 1/2 states for Ir 4+ electrons, the model incorporates various electron hopping channels allowed in the orthorhombic perovskite SrIrO 3 with the following form of Hamiltonian.
T are electron operators with the subscripts referring to the Ir sublattice (1, 2, 3, 4) and j eff = 1/2 pseudo-spin (↑,↓), and k is crystal momentum.
The matrix H k contains ten different hopping channels up to the second nearest neighbor. Depending on whether the pseudo-spin changes during hopping processes or not, the hopping channels are classified into spin-dependent hopping
and spin-independent hopping {t p , t z , t xy , t d , t′ d }. The oxygen octahedron tilting and rotation generate the spin-dependent hopping which is crucial for the SHE in SrIrO 3 . Such spin-dependent hopping is not allowed in the perfect cubic perovskite. For the hopping parameters, we use the values 28 based on ab initio calculations. The explicit form of H k and values of the hopping parameters are provided in Supplementary A. The Pbnm space group symmetry dictates the relations between the components of the spin Hall conductivity tensor, as well as protects various features of the band structure. In Table 1 , we summarize the Pbnm space group symmetry, as well as the remaining symmetries in various symmetry-broken bulk systems (section: Impact of Breaking Nonsymmorphic Symmetries on Bulk SHC) and thin film (section: Spin Hall Effect in Thin Film System). Figure 1 depicts the electron band structure of the system at the particular k b = π plane (R-U-X-S) in the Brillouin zone. There are four doubly degenerate bands on account of four sublattices and Kramers degeneracy. One remarkable feature is the band crossing occurring along a ring about the U point 28, 29 . This "nodal ring" is quite small, but protected by nonsymmorphic symmetries compatible with the k b = π plane 33 . Another interesting point is the "near-degeneracy" of the four bands found at the k b = π plane and k a = π plane (T-R-S-Y) as highlighted by cyan in Fig. 2 . It must be noted both features appear by spin-dependent electron hopping in the system. Interestingly, the nearly degenerate structure and the size of the nodal ring are correlated and controlled by the same hopping parameter t d o . In fact, this intimate correlation between the two features prevails in a wide window of permissible values of t d o , so that the ring appears concurrently with the presence of the nearly degenerate structure (provided the necessary nodal ring symmetry is intact). Even when the ring is gently gapped out (as will be seen) the nearly degenerate structure is preserved. Such a correlated structure, however, will eventually be suppressed by a large perturbation which may significantly modify the underlying band structure. The nodal ring is protected so long as the nonsymmorphic symmetries {G n , G b , S a } are preserved in the system (Supplementary C reviews the symmetry-protection of the nodal line). Although breaking of the n-glide symmetry gaps out the nodal ring, the presence of additional nonsymmorphic symmetries can tune the nodal ring into Weyl or Dirac point nodes 29, 38 . This situation occurs when the n-glide and mirror symmetries are broken while preserving the b-glide symmetry. To completely gap out the nodal ring at all points, requires both the n-glide and b-glide symmetries to be broken.
Spin Hall Effect in Bulk System
Intrinsic spin Hall effect in SrIrO 3 is investigated with a linear response theory. We compute the spin Hall conductivity (SHC) tensor σ μν ρ using the Kubo formula 1, 12 :
In this expression, ] nk and the electron occupation number f nk at energy level ε nk 1, 12 . It is the spin-Berry curvature that generates the transverse spin current as an intrinsic effect of electron band structure (analogous to the Berry curvature in anomalous Hall effect). However, in contrast to the anomalous Hall effect, the spin Hall conductivity is even under time reversal, and so the spin Hall effect does not require time reversal to be broken. In our calculations, the configuration {ρ, μ, ν} representing the spin Hall effect geometry is specified using the pseudo-cubic axes {x = (a−b)/2, y = (a + b)/2, z = c/2} rather than the orthorhombic lattice vectors {a, b, c}. By employing the pseudo-cubic axes, it enables easier visualization of the symmetry transformations of the spin Hall conductivity tensor. To avoid confusion about the convention, we explicitly write the correspondence between the pseudo-cubic (c) and orthorhombic (o) axes:
We present the spin Hall conductivity σ μν ρ in Fig. 2 (right) as a function of the Fermi level ε F . Our results show unexpectedly large spin Hall conductivity of the order of 10 4 (/e)(Ωm) −1 in the three configurations, σ zx y , σ zy y , σ xz x . To be specific, σ zx y (red dot) has large values over an extended region except around the zero Fermi energy, while σ zy y (green triangle) and σ xz x (orange square) peak around the zero energy. The zero energy is of particular interest as it corresponds to the electron filling of the bulk system (i.e., half filled j eff = 1/2 electron energy bands). By comparing the spin Hall conductivity with the electron band structure on the left of Fig. 2 , one can notice that large values of σ zx y arise in the energy range that the aforementioned nearly degenerate bands (cyan) are extended over. On the other hand, the peaks of σ zy y and σ xz x occur within the energy band width at the UR line (magenta). This implies that the nearly degenerate bands forming the nodal ring structure are closely related to large spin Hall effect in the system. Interestingly, Pbnm nonsymmorphic symmetries of the bulk system provide useful constraints on the spin Hall conductivity tensor: σ σ = − y . Hence, the three configurations shown in Fig. 2 are symmetry-related to other three. We present further signatures of nonsymmorphic symmetries in bulk SHC in Supplementary D. Except the aforementioned six configurations, we find subdominant spin Hall conductivity, at least one order of magnitude smaller.
1 2 , thus leading to constructive contributions to σ zx y . Remarkably, these loops correspond to the k-points where the Fermi level crosses the nearly degenerate bands in the k a = π and k b = π planes [compare the resemblance of the Fermi surface cross sections within the k b = π plane in Fig. 1 to Ω k ( ) zx y in Fig. 3 (top) ]. This suggests that the 'active' electronic states that are contributing the most to Ω k ( ) zx y are in fact the states residing in the nearly degenerate band structure in the k a = π and k b = π planes. Therefore, one can conclude that the large values of σ zx y indeed originates from the interband transition between the aforementioned nearly degenerate bands in the k a = π and k b = π planes (shaded in Fig. 2) .
The different behaviours of σ zx y , σ zy y , σ xz x around the zero Fermi energy (Fig. 2) can also be understood by investigating the corresponding Ω μν ρ k ( ). As shown in Fig. 3 (bottom) , spin Hall conductivity at ε F = 0 eV has major contributions broadly from two different parts of the Brillouin zone: (i) a region around the U point and (ii) arch-shaped interior regions connected to the T point. Specifically, in the case of Ω k ( ) zx y , the two parts have a have an almost uniform sign over the two parts, thereby σ zy y and σ xz x have a large value at ε F = 0 eV.
Spin-Berry Curvature around Nodal Ring. Now we examine the spin-Berry curvature contained in the nodal ring band structure and its contribution to the bulk SHC. Figure 4 depicts the spin-Berry curvature of the nodal ring band structure. High intensity spin-Berry curvature is found near the nodal ring band crossing. Moreover, the sign of the spin-Berry curvature changes across the nodal ring in the k b = π plane (such sign-changing behaviour of high intensity spin-Berry curvature across band crossing points has also been found in recent ab initio studies on Weyl semimetals 39 ). One interesting feature here is that the spin-Berry curvature is nonzero only at the k b = π plane, and it immediately vanishes off the plane.
Although the nodal ring structure generates high intensity of spin-Berry curvature (near the ring), its net contribution to the total bulk SHC is quite small due to the massive cancellation between the opposite signs of the spin-Berry curvature in the k b = π plane. We directly examine this large cancellation by focusing on the nodal ring's isolated contributions (i.e., from the k-points in the rectangular region just-enclosing the nodal ring in the k b = π plane). For the three configurations, σ zx y , σ zy y and σ xz x , the isolated contribution (weighted by the entire Brillouin zone contribution) of the nodal ring is 6%, 0.7%, and 0.03% respectively for ε F = 0 eV, and 7%, 2%, and 0.01% respectively for ε F = −0.1 eV. Furthermore, we also investigated the impact of the size of the nodal ring (controlled by the spin-dependent hopping parameter t d o ) on the SHC. Our computations determined that despite the size of the nodal ring increasing by two-fold, four-fold or even six-fold, the change in the SHC is very small and not substantial (order of magnitude remains the same). This suggests that any contributions arising from and about the the nodal ring are promptly cancelled, resulting in its benign contribution to the SHC.
Impact of Breaking Nonsymmorphic Symmetries on Bulk SHC
In a realistic system, it is highly probable (and likely) that one or many of nonsymmorphic symmetries can be broken. The breaking of these symmetries (such as the glide symmetries) can be the result of growth defects, impurities, or external strain/pressure on the bulk. This can lead to, depending on which symmetry is broken, the lifting of degeneracy at certain high symmetry locations in the Brillouin zone or (even more drastically) the removal of certain topological features in the band structure like the nodal ring. In fact, the gapping of the nodal ring is not a rare occurrence in thin film configurations of SrIrO 3 as has been observed through angle-resolved photoemission spectroscopy (ARPES) studies on epitaxial thin films 40 , as well as in epitaxially strained thin films 38 . One way to incorporate such a broken symmetry is a perturbation term in the bulk model: This term preserves the inversion, time-reversal, and mirror symmetries. However, it breaks the b-glide and n-glide symmetries, and so it meets the required criterion to completely gap out the nodal ring. This can be seen by the commutation of h gap and the symmetry operators (Eq. S3 in Supplementary B). Moreover, this term involves the in-plane and sublayer degrees of freedom (τ and ν, respectively) and so physically this mimics a possible physical strain on the system that has led to the breaking of these symmetries. The choice of t gap = 0.01 eV is at least an order of magnitude smaller than the other energy scales in the system, and thus it acts as a small perturbation. Furthermore, this term introduces a Dirac mass gap of ≈40 meV, consistent with experimental observations of gapped Dirac points in SrIrO 3 thin films 40 . Figure S4 in Supplementary E depicts the impact of the perturbative term h gap on the band structure (along high symmetry directions U→R and U→X).
However, h gap is only one of a myriad of possible symmetry breaking terms that could be introduced, involving again only the in-plane and sublayer degrees of freedom. We limit our possibilities to terms that can modify the band structure in regions of the Brillouin zone that contribute the most to the spin Hall conductivity (highlighted in Fig. 2) ; these are the terms that have the greatest chance in modifying the spin Hall conductivities. In particular, we determined two types of symmetry breaking terms that introduced qualitative changes in the band structure, and thus potentially had the chance to introduce a non-zero change in the spin Hall conductivities: These terms break n-glide and m symmetries, while preserving b-glide symmetry. The choice of t xx,xz = 0.05 eV was taken as it ensured that these terms act as perturbations on the original bulk model, while also creating a qualitative change in the band structure (Figs. S5, S6 in Supplementary E). Augmenting the original Hamiltonian with these perturbative terms, we present the spin Hall conductivities of the three configurations for which the system had the greatest response in Fig. 5(a)-(c) .
Interestingly, despite the inclusion of various symmetry breaking perturbative terms, the component σ zx y remains stable and still maintains the large spin Hall conductivity at all the previously noted Fermi levels. This is not altogether surprising as the greatest contributions to this component arise from the nearly degenerate electron band structure (cyan in Fig. 2 ). Since the perturbative terms h gap and h xx do not affect the nearly degenerate regions, the spin Hall conductivity magnitude is preserved with the inclusion of these terms. However, there is a small modification, but remains within the same order of magnitude, in the spin Hall conductivity due to h xz . This term marginally changes the band structure in the nearly degenerate regions by only lifting the degeneracy at the band crossing T point. On the other hand, the components σ zy y and σ xz x do see a jump in the spin Hall conductivity by the gapping of the nodal ring close to the zero energy level; apart from σ zy y experiencing a similar shift as σ zx y due to h xz , these configurations are stable to the other perturbations. By considering the momentum-resolved SHC at the zero energy level [ Fig. 5(d) ] one notices new arch-like features that develop about the U point. For σ zy y , the new features have the same sign as the arch-like features from the non-perturbed model and so the spin Hall conductivity is enlarged; while for σ xz x , the new features have the opposite sign and so diminish the spin Hall conductivity. Nevertheless, the enlargement/diminishment is not substantial and the spin Hall conductivity remains within the same order of magnitude. Hence, the bulk spin Hall conductivity is stable and robust to the introduction of various symmetry breaking terms (other symmetry breaking terms further support this conclusion).
Spin Hall Effect in Thin Film System
Now we turn our attention to thin film systems of SrIrO 3 . Recent experiments 32 discovered that SrIrO 3 thin films exhibit surprisingly large spin Hall conductivity [
], which is about one order of magnitude larger than values predicted for the bulk system. The experimental film samples were grown along the [010] c direction up to a thickness of 20 bulk unit cells. Due to the nature of the experimental setup, only the spin current induced along the [010] c film direction was measured (see Fig. 6 ). This large thin film spin Hall response is unexpected, since our theory for the bulk system predicts rather small responses for the same configuration corresponding to the experiment. In this section, we study the (010) c thin film system to get an insight into the large enhancement of SHC in the film geometry. The (010) c thin film in our study is described using the bulk tight-binding model H on the slab lattice geometry shown in Fig. 6(a) . Our calculation results presented below were obtained for the system with 16 layers of Ir sites (8 bulk unit cells along the [010] c direction) which is the largest thickness that allowed us to reach convergence in the SHC calculations within a reasonable amount of time. The finite thickness of the film system leads to the breaking of some of the original bulk symmetries, for instance the n-glide and b-glide symmetries as well as the translational symmetry along the [010] c direction (see Table 1 for the remaining symmetries in the film system). As a consequence of the lower lattice symmetry, the nodal line band crossing of the bulk system is gapped out in the (010) c film [see Fig. 6(c)] . Moreover, the film system has a nonuniform electron distribution over the layers of the Ir sites as shown in Fig. S7 in Supplementary F (by contrast, the bulk system has a uniform electron distribution over the four sublattices by lattice symmetry). around the zero Fermi energy [see the shaded region in Fig. 7(a) ]. However, in the same configuration, the bulk system shows rather small SHC as shown in the figure (at least one order of magnitude smaller compared to the film SHC). Thus, natural questions to ask are (i) why is the film's spin Hall response so different from the bulk system and (ii) what is the origin of the large spin Hall response in the film. To understand the difference between the film and bulk and the origin of the large SHC in the film, we resolve the SHC in the two dimensional Brillouin zone of the film as shown in Fig. 7(b) . The upper and lower panels represent the momentum-resolved SHC Ω k ( ) yx z for the film and bulk systems, respectively; the bulk result was obtained by taking into account the zone folding described in Fig. 6(b) . The similarities and differences between the film and bulk systems are revealed in the distribution of Ω k ( ) is observed between the film and bulk, suggesting that electron wave functions in the thin film significantly deviate from wave functions in the corresponding bulk system.
In addition to the modification of electron wave functions, the surface states arising in the film (which are localized around the boundary surfaces) could be another source for the difference between the film and bulk spin Hall responses. Figure 7 (c) depicts the locations at which surface states occur in the Brillouin zone. Comparing Figs. 7(b,c) , one observes that the distribution of the surface states in momentum space does not seem to match well with the pattern of Ω k ( ) yx z in the film system. This supports the idea that the large film SHC is mainly an effect of bulk-like electron states rather than the surface states. The bulk-like electron states are, however, substantially modified from states in the bulk system as indicated by the electron density (Fig. S7 in Supplementary F) and spin-Berry curvature distribution [ Fig. 7(b) ]. The change in the wave functions (and subsequent enhancement of the spin Hall effect in the film geometry) is attributed to the lower lattice symmetry in the thin film system. In the absence of the film direction translation, n-glide, b-glide, and other lattice symmetries, electron wave functions are obviously less constrained as compared to in the original bulk environment.
Conclusions
In this work, we examined the intrinsic spin Hall effect in both bulk and thin film configurations of SrIrO 3 using linear response theory. We employed the j eff = 1/2 tight binding model constructed from ab initio studies of SrIrO 3 28, 29 . From our bulk SrIrO 3 studies, we found an unexpectedly large spin Hall conductivity [ ] in three configurations: σ zx y , σ zy y , and σ xz x . We attribute the enormity of this response to large extended regions in the Brillouin zone (shaded in Fig. 2) where the band structure is nearly degenerate. We also determined that the bulk spin Hall conductivity is very robust and stable to a number of symmetry breaking terms, provided that the aforementioned nearly degenerate band structure is preserved. Our thin film calculations implicated the modification of the bulk-like wave functions in the thin film to be responsible for enhanced SHE in certain geometries. This thin film consideration is unlike the symmetry-broken-augmented bulk calculations where the symmetry breaking perturbations do not induce as large a change to the electronic states. The nature of the electronic states being a key ingredient in the spin Hall conductivity suggests that further constrained and restricted geometries of SrIrO 3 (where the electronic states can change significantly due to, for example, certain symmetries being decisively broken) can lead to large enhancement of the spin Hall conductivity with respect to the corresponding bulk response. Although this study examines the case of SrIrO 3 , we are hopeful that similar 5d-like iridate materials can also have large spin Hall conductivities. This aspiration is partly rooted in recent experimental work in binary 5d transition metal oxide IrO 2 , where large SHE was demonstrated with high spin current conversion 24 . The results from our theoretical calculations seem to agree at least qualitatively with the recent experimental report where large spin Hall conductivity was observed in SrIrO 3 thin films. To enable a more quantitative comparison with experimental spin Hall conductivity measurements, it is important to take into account the effects of the neighbouring ferromagnetic permalloy layer (Py) on the SHC. Although we provide some early analysis of these effects in Supplementary G, we propose taking into account the effects of the Py exchange field on the interface to be an interesting direction for future research.
Methods
The SHC is computed by numerically integrating Eq. 2 on a uniform k-mesh over the Brillouin zone. To ensure satisfactory convergence, we chose fine k-grid meshes of (at least) 140 × 140 × 140 for the bulk calculations, and 100 × 100 for the thin film systems. in Fig. 7(b) , indicate that the large film SHE is mainly an effect by bulk-like states rather than the surface states in the thin film system.
